One possible approach to overcome solubility complications and enhance the biological activity of drugs is their incorporation into drug delivery systems. Within this scope, several nanosphere and nanocapsule formulations of a new inhibitor of p53-MDM2 interaction (xanthone 1) were developed and their physicochemical properties analyzed. Through the investigation of the effect of several empty nanoparticles on the growth of MCF-7 cells, it was possible to observe that four out of five formulations were cytotoxic and that some correlations between the toxic potential of these polymeric nanoparticles and their properties/composition could be extrapolated. One empty formulation of nanocapsules developed by emulsification/solvent evaporation and containing PLGA, PVA and Mygliol ® 812 was found to be noncytotoxic to this cell line. The corresponding compound 1-loaded nanocapsules showed an incorporation efficiency of 77% and revealed to be more potent than the free drug against cell growth inhibition, which may be related to the enhancement in its intracellular delivery. In an integrative study, the intracellular uptake of nanocapsules was confirmed using fluorescent 6-coumarin and well as compound 1 release from nanocapsules. Overall, it was possible to enhance the effect of the hit inhibitor of p53-MDM2 interaction through the development of suitable noncytotoxic polymeric nanoparticles.
Introduction
The pharmacological relevance of xanthone derivatives has led the scientific community to isolate or synthesize xanthonic compounds in the search for novel drug candidates (Azevedo et al., 2012; Pinto et al., 2005) . In the past few years, a large number of naturally-occurring and synthetic prenylated xanthones has been reported, particularly some with antitumor activity (Azevedo et al., 2012; Pinto and Castanheiro, 2009) . Pre-clinical studies of natural prenylated xanthones have already suggested the extremely low oral bioavailability for the most investigated prenylxanthone, ␣-mangostin ( Fig. 1) (Chitchumroonchokchai et al., 2013; Li et al., 2011) . Recently, a dihydropyranoxanthone, synthetized by some of us, 3,4-dihydro-12-hydroxy-2,2-dimethyl-2H,6H-pyrano[3,2-b]xanthen-6-one (1, Fig. 1 ), presented significant antiproliferative and apoptotic inducing effects (Paiva et al., 2012; Palmeira et al., 2010) in human tumor cell lines. Both ␣-mangostin (Leão et al., 2013a) and compound 1 (Leão et al., 2013b) were shown to be promising inhibitors of p53-MDM2 interaction, with compound 1 showing the highest inhibitory activity in a yeast target-based assay, mimicking the activity of known p53 activators. In addition, compound 1 was shown to inhibit P-glycoprotein in leukemia cells and presented an apparently high permeability coefficient across the human colon cancer cell line (Caco-2) . As for the majority of promising new compounds, the success of compound 1 and other xanthone derivatives may be compromised by their poor solubility. In general, apart from the difficulty associated with the administration of water-insoluble drug substances, this property is often linked with poor bioavailability. One possible approach to overcome poor physiochemical properties and enhance the bioavailability of drugs is to associate the drug with a pharmaceutical carrier -a drug delivery system (DDS) -which may enhance drug pharmacokinetics and cellular penetration (Chen et al., 2011) .
Aliphatic poly(esters) like poly(lactide), poly(glycolide) and specially poly(d,l-lactide-co-glycolide) (PLGA) have been the most extensively investigated polymers for drug delivery, due to their excellent biocompatibility and biodegradability. Drugs entrapped in this type of polyester polymer matrix are released at a sustained rate, through diffusion of the drug in the polymer matrix and by degradation of the polymer matrix (Jong and Borm, 2008) . Nanoparticles are submicron sized colloidal polymeric systems and according with the methods used for their preparation nanospheres or nanocapsules can be obtained. Nanospheres are matrix-type systems in which a drug is dispersed throughout the particles, whereas nanocapsules are vesicular systems in which a drug is confined to a cavity consisting of an inner liquid core surrounded by a polymeric membrane (Reis et al., 2006) . This work is an integrated study that includes physicochemical characterization and biological analysis of compound 1-loaded polymeric nanoparticles which demonstrates uptake, and effect on the growth of a human breast adenocarcinoma cell line (MCF-7). In the present work, several polymeric nanosystems, nanocapsules and nanospheres, incorporating compound 1 were developed by different techniques: solvent displacement (SD), emulsification/solvent diffusion (ESD), and emulsification/solvent evaporation (ESE), and some formulation factors were studied in order to obtain nanoparticles with favorable technological characteristics. The cytotoxicity of both empty and loaded nanoparticle formulations was accessed in the MCF-7 (human breast adenocarcinoma) cell line, which was critical for the selection of the most suitable formulation. Furthermore, the intracellular uptake of nanocapsules containing a fluorescent probe (6-coumarin) was also investigated in the same cell line.
Materials and methods

Materials
3,4-Dihydro-12-hydroxy-2,2-dimethyl-2H,6Hpyrano[3,2-b]xanthen-6-one (1) was obtained by a previously described method (Palmeira et al., 2010) and showed a purity of 98.5% by HPLC-DAD. PLGA 50:50 (M W : 50,000-75,000 Da), Pluronic ® F-68, glucose, polyvinyl alcohol (PVA), 6-coumarin, Tween ® 80 and Span ® 80 were purchased from Sigma-Aldrich Química (Sintra, Portugal) and Mygliol ® 812 was purchased from Acofarma (Coimbra, Portugal). HPLC grade reagents methanol, acetonitrile and acetic acid were obtained from Carlo Erba Reagents, (Val de Reuil, Italy) and ultra-purified water was produced by a Millipore Milli-Q system (Simplicity ® UV Ultrapure Water System, Millipore Corporation, Billerica, USA). All the other reagents and solvents were of analytical or HPLC grade.
Apparatus and chromatographic conditions
The HPLC analysis was performed in a Finnigan SurveyorAutosampler Plus and LC Pump Plus, Thermo Electron Corporation (Ohio, USA), equipped with a diode array detector TSP UV6000LP, and using a C-18 column (5 m, 250 mm × 4.6 mm I.D.) from Macherey-Nagel (Düren, Germany). The injected volume was 20 l and the eluent was monitored at 254 nm. Xcalibur ® 2.0 SUR 1 software, Thermo Electron Corporation (Ohio, USA) managed chromatographic data.
Preparation of nanospheres
Nanospheres containing compound 1 were prepared by SD with some modifications to the previously described methods (Fessi et al., 1989; Zili et al., 2005) (Table 1, formulations I-III) . Briefly, an organic solution of 1, polymer, and containing or not a lipophilic surfactant was poured, under magnetic stirring into 10 ml of aqueous solution of a hydrophilic surfactant (Pluronic ® F-68 or Tween ® 80). After 5 min of stirring, nanosphere dispersions were concentrated to 5 ml under reduced pressure. Separation of non-incorporated compound was performed first by filtration (membrane with a porosity of 0.45 m), and then by centrifugation at 1830 rpm for 30 min (Sigma 1-14, Osterode am Harz, Germany) after solubilization of a certain amount of glucose for achieving a 5% (w/v) concentration, in order to avoid aggregation of the particles during the centrifugation step. The supernatant was discarded and the pellet containing the nanospheres was redispersed in water to complete the initial volume (5 ml).
The development of nanospheres containing compound 1 prepared by ESD was based on a previously described procedure (Quintanar-Guerrero et al., 1996) with some modifications (Table 1, formulations IV-V). Briefly, the organic phase containing the polymer and the surfactant was poured into 10 ml of the aqueous phase, while mixing with an high speed homogenizer (20,000 rpm for 5 min, IKA-T18 basic, Ultra Turrax ® , Germany) or by sonication (130 W, 90 s, VibraCell model-75186, Sonics, USA), to form an oil in water nanoemulsion, followed by evaporation under reduced pressure until the final volume of 5 ml was reached. A certain amount of glucose for achieving a 10% (w/v) concentration was solubilized and the separation of non-incorporated compound was performed first by filtration (membrane with a porosity of 0.45 M) and then by centrifugation for 1 h at 4578 rpm (HettichMikro 200, Buckinghamshire, England). The supernatant was discarded and the pellet containing the nanospheres was redispersed in water to complete the initial volume (5 ml). An additional formulation was developed by ESE (Panyam and Labhasetwar, 2004 and references therein), as described in Table 1 (formulation VI). In brief, the organic phase containing compound 1 and the polymer was poured into 6 ml of an aqueous solution of PVA, and mixed by sonication (130 W, 90 s) to form an oil in water nanoemulsion. This nanoemulsion was stirred at room temperature for 4 h to evaporate organic solvent, until the final volume of 5 ml was reached. Nanoparticles were recovered by ultracentrifugation (1 h at 4578 rpm, Hettich Mikro 200, Buckinghamshire, England) and washed with Milli Q water to remove unentrapped compound and PVA.
Empty nanospheres (formulations i-vi) were prepared according to the described procedures but omitting compound 1 in the organic phase.
Preparation of nanocapsules
Nanocapsules containing compound 1 were prepared by the SD previously described method (Bernardi et al., 2009; Zili et al., 2005) , as described in Table 1 (formulations VII-VIII). Concisely, an acetonic solution of PLGA containing or not the lipophilic surfactant Span ® 80 was prepared. Compound 1 was dissolved in Mygliol ® 812 (3.5 mg/ml) and 0.50 or 0.55 ml of this solution was added to the previous prepared acetonic solution. The final organic phase was poured into an aqueous solution of a surfactant (Pluronic ® F-68 or Tween ® 80) under moderate stirring for 5 min. Nanocapsules dispersion final volume (5 ml) was reached by evaporation under reduced pressure. The non-encapsulated compound 1 was separated by ultrafiltration (centrifugal filter devices Centricon K10, Amicon, Millipore) at 4000 rpm for 30 min (Beckman UL-80 ultracentrifuge, Albertville, USA), and the volume completed with Milli Q water.
Compound 1-loaded nanocapsules were also prepared by ESD by modification of a described procedure (Quintanar-Guerrero et al., 1998) ( Table 1 , formulation IX). Briefly, compound 1 was dissolved in Mygliol ® 812 (3.5 mg/ml) and 0.45 ml of this oily solution was added to a solution of PLGA and Pluronic ® F68 in ethyl acetate. The final organic solution was poured into 20 ml of MilliQ water and submitted to sonication (130 W, 90 s). The nanocapsules dispersion was concentrated under reduced pressure to reach the final volume of 5 ml. The amount of non-encapsulated compound 1 was separated by ultrafiltration using centrifugal filter devices (Centricon K10, Amicon, Millipore) at 4000 rpm for 30 min (Beckman UL-80 ultracentrifuge, Albertville, USA).
Finally, a different formulation was developed by ESE, based on a described procedure (Panyam and Labhasetwar, 2004) (Table 1 , formulation X). In brief, a solution of PLGA in dichloromethane was prepared and sonicated with methanol and a solution of compound 1 in Mygliol ® 812 (3.5 mg/ml). This organic solution was poured into 6 ml of an aqueous solution of PVA and sonicated (130 W, 90 s). The final volume of nanocapsules dispersion (5 ml) was obtained by stirring for 4 h, at room temperature. The amount of non-encapsulated compound 1 and residual PVA was separated by ultrafiltration using centrifugal filter devices at 4000 rpm for 30 min (Beckman UL-80 ultracentrifuge, Albertville, USA).
Empty nanocapsules (vii-x) were prepared according to the same procedures, using the same amount of oil, but without compound 1.
2.5. Physicochemical characterization 2.5.1. Particle size and zeta potential Particle size analysis of nanoparticles was performed by dynamic light scattering (DLS). Zeta potential was evaluated by laser Doppler anemometry (LDA). In both determinations, samples were analyzed following appropriate dilution with ultrapure water, using a Brookhaven, BI-MAS90Plus (Brokhaven Instruments, New York, USA). For nanospheres, the dilution used was 1:2 (nanospheres:water), and for nanocapsules 1:100 and 1:200 (nanocapsules:water). Values presented are the mean ± standard deviation (SD) of at least three different batches of each nanoparticle formulation.
Quantification of compound 1 content in nanoparticles
Quantification of the nanoparticles of compound 1 was performed by a HPLC validated method (unpublished work). Sample solutions were prepared by dissolving an aliquot of the dihydropyranoxanthone 1 nanosphere or nanocapsule dispersions in acetonitrile (corresponding to a dilution of 1/50 and 1/500, respectively) and subjected to HPLC analysis. Considering an entrapment of compound 1 into nanoparticles of 100%, the obtained sample solutions had a maximum theoretical concentration of 3 mg/ml in nanospheres and ranging from 0.56 to 0.77 mg/ml in nanocapsules, depending on the procedure used. All analyses were performed in triplicate and the results presented are the mean ± SD. Incorporation efficiency (IE) was calculated as follows:
where A is the compound 1 concentration (g/ml) in the nanoparticle dispersions and B is the theoretical compound 1 concentration (g/ml).
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was performed to evaluate the surface morphology of nanoparticles using a SEM equipment (JEOL JSM 6301F), at CEMUP (Centro de Materiais da Universidade do Porto). Nanoparticles samples were dried for 24 h before the analysis. A small amount of the dried nanoparticles was applied directly on a metallic surface stand without coating.
Effect on the growth of MCF-7 human tumor cell line
Cells (5.0 × 10 3 cells/well) were plated in 96-well plates and allowed to adhere for 24 h. Cells were then treated with serial dilutions of compound 1 alone (from 18.75 M to 150.00 M), compound 1-incorporated into nanocapsules (from 0.62 to 50.00 M) or empty nanocapsules (using equal volumes to the ones used for the compound 1-incorporated into nanocapsules). Following 48 h incubation, the effect of these treatments in cell growth was analyzed with the sulforhodamine B (SRB) assay according to the procedure adopted by the National Cancer Institute (NCI, USA) (Queiroz et al., 2010; Vaz et al., 2010; Vichai and Kirtikara, 2006) . Briefly, after washing with PBS, cells were fixed in situ with 10% trichloroacetic acid, stained with SRB and washed with 1% acetic acid. The bound dye was then solubilized with 10 mM Tris Base and absorbance was measured at 510 nm in a microplate reader (Biotek Instruments Inc. Synergy XS, Winooski, USA). A DMSO control (the vehicle of compound 1) was also included in the experiments.
Internalization studies
MCF-7 cells (3.5 × 10 5 cells/well) were seeded on glass coverslips (in 24 well plates) and allowed to adhere for 24 h. Cells were then exposed to nanocapsules incorporating 10 M of 6-coumarin (fluorescent compound) or to empty nanocapsules (equal volume to the used for the nanocapsules incorporating coumarin). The internalization of the nanocapsules was analyzed at different timepoints up to 48 h. This was possible by washing the cells with PBS, fixing with 4% paraformaldehyde (in PBS) and mounting the coverslips in Vectashield ® with DAPI (4 -6-diamidino-2-phenylindole, Vector Laboratories). Cells were observed with a fluorescence microscope (Leica DMIRE2000).
In vitro release studies
In vitro release studies of compound 1, for the most promising nanocapsule formulation developed (formulation X) -that showed the lowest cytotoxic effect against MCF-7 cells -, were carried out at 37 • C, by the bulk equilibrium reverse dialysis bag technique (Levy and Benita, 1990) . A volume of nanocapsule dispersion corresponding to 10% of the maximum theoretical aqueous solubility of compound 1 (1.6 g/ml), in phosphate buffer saline 0.1 M, pH 7.4 (PBS) at 37 • C, was placed directly into 200 ml of PBS. To this solution, eight dialysis bags (cellulose membrane Mw cut-off 10,000 Da, Sigma-Aldrich, Sintra, Portugal) containing 1 ml of PBS, were previously immersed, and submitted to mechanical stirring at 37 • C. At given time intervals, a dialysis bag was withdrawn from the release medium and the compound 1 content was directly assayed by HPLC. Calibration solutions over the range of 0.5-3.0 g/ml were prepared by diluting compound 1 stock solution in acetonitrile with PBS. Values reported are the mean ± SD obtained for three different batches of the referred formulations.
Calculations and statistics
IBM SPSS Statistics-19 ® was applied for statistic calculations (t test and f test).
Results
Characterization of compound 1-loaded nanoparticles
Six different formulations of nanospheres were prepared (I-VI, Table 1 ) and their particle size, polidispersity index (PI), and zeta potential determined (Table 2) . Compound 1-loaded and empty nanosphere dispersions presented macroscopic homogeneous aspect, with a bluish opalescent appearance due to Tyndall effect.
Overall, the results showed lower sizes with SD (<150 nm) when compared with ESD and ESE (<400 nm) ( Table 2) . When comparing the mean particle size values between loaded and empty formulations, only in formulation II (compound 1-loaded nanospheres prepared by SD, with methanol as co-solvent) no significantly differences (P > 0.05) to empty nanospheres were observed. Regarding compound 1-loaded nanospheres, the use of methanol or dichloromethane, as co-solvents, had no influence in the mean particle size obtained (P > 0.05). Using Span ® 80/Tween ® 80 (formulation III) instead of Pluronic ® F-68 (formulations I and II) led to nanosphere dispersions with lower values of mean particle size (∼96 nm, P < 0.05). Nanospheres prepared using SD and ESD technique (formulations I-V) exhibited negative surface charge with zeta potential values lower than −28 mV. The highest values of mean particle size were found for the nanospheres prepared with the ESE technique (formulation VI); zeta potential values were also the lowest, what could foreshadow low stability for this formulations since more pronounced zeta potential values (being positive or negative) tend to stabilize particle suspension. In this formulation, the presence of PVA enhanced a faster resuspension after the washing step.
The incorporation efficiency values of compound 1 into PLGA nanospheres (formulations I-VI) were also investigated (Table 3 ). In the SD method, the use of methanol or dichloromethane as cosolvents, did not significantly affect the incorporation efficiency (P > 0.05) (formulations I and II). The overall results revealed the ESE as the most suitable method for the preparation of nanospheres containing compound 1 (formulation VI), presenting the highest incorporation efficiency values, although, the incorporation efficiency achieved was lower than 40%.
The four different nanocapsules formulations developed (formulations VII-X) were also investigated for their particle size, PI, and zeta potential ( Table 2 ). The maximum amount of oil core (Mygliol ® 812) that allows the preparation of stable nanocapsule dispersions was determined for every preparation technique employed. For nanocapsules prepared by SD, formulations containing 0.40, 0.50 and 0.55 ml of Mygliol ® 812 showed a small pellet at the bottom of the flask (attributed to nanospheres) and a cream layer at the surface corresponding to nanocapsules; no free oil could be detected in these formulations indicating that the oil was completely coated by the polymer. The formulations including 0.60 ml of Mygliol ® 812 showed a free oil layer at the surface of the dispersions upon centrifugation indicating poor stability. Therefore the amount of oil selected to be used, which allowed the preparation of stable nanocapsule formulations was 0.55 ml. Then, for nanocapsule preparation 0.55 ml of compound 1 solution in Mygliol ® 812 was used. Nanocapsules formulations presented macroscopic homogeneous aspects, with an opalescent milky-like appearance. For all formulations mean particle size ranged from ∼ 210 to 370 nm. The mean particle size of the formulations developed was not affected by the incorporation of compound 1 (P > 0.05). When using Pluronic ® F-68 as surfactant (formulation VII and IX) instead of Tween ® 80/Span ® 80 (formulation VIII), nanocapsules dispersions showed lower particle size values (P < 0.05). Zeta potential values showed that, for both empty and compound 1-loaded nanocapsules, negative surface charges were achieved, ranging from −14.37 ± 0.49 to −40.50 ± 1.2 mV, which indicates that stable formulations were produced with this method.
Incorporation efficiency values of compound 1 in PLGA nanocapsules were also determined (Table 3) . With the SD technique, using Tween-80 ® /Span-80 ® (formulation VIII) instead of Pluronic F-68 ® (formulation VII) as surfactants, the final concentration and incorporation efficiency values, raised from 196.18 ± 24.16 to 323.57 ± 2.67 g/ml, respectively (∼30% increased). Overall, the incorporation efficiency for nanocapsules was better than the one achieved for nanospheres (Table 3) with formulation VIII presenting an incorporation efficiency of compound 1 of 84%. Moreover, the developed nanocapsule dispersions showed higher concentrations than the respective theoretical aqueous solution of compound 1 (16 g/ml, ACD/Labs program): 20 fold for formulation VIII, 15 fold for IX and 13 fold for X, respectively.
Effect on the growth of MCF-7 human tumor cell line
Based on the technological parameters, five of the developed formulations were selected for further evaluation in the human breast adenocarcinoma cell line MCF-7, regarding the cell growth inhibitory effect. The chosen formulations were: nanospheres developed by SD and ESE (formulations III and VI) and nanocapsules developed by SD, ESD, and ESE (formulations VIII, IX, and formulation X). By analysing the effect of the different empty nanoparticles on the MCF-7 cell growth (with the SRB assay), it was possible to observe that only the empty formulation of nanocapsules developed by ESE (formulation x), did not present major cytotoxicity to this cell line at the concentrations analyzed (Fig. 2) . The other investigated empty formulations presented cytotoxicity (data not shown), which may be explained by the amount of excipients used in their development (Table 4) . When comparing the cell growth inhibitory effect (in MCF-7 cells) of the free compound 1 with the effect of formulation X, the GI 50 values (concentration that inhibits cell growth by 50%) significantly decreased from 46.8 ± 1.8 M to 16.3 ± 2.1 M (P < 0.05) (Fig. 2) . Moreover, no apparent cellular toxicity was observed following treatment with the empty nanocapsules, at the volume corresponding to the determined GI 50 (Fig. 2) .
Internalization studies
A green fluorescent compound (6-coumarin) was incorporated into formulation x and following treatment with nanocapsules incorporating 6-coumarin, cells were observed at different timepoints. Green fluorescence (indicating the presence of coumarin) was evident in the cell cytosol immediately after the nanocapsules incorporating 6-coumarin were added to the cells (Fig. 3) .
Although the initial green fluorescence was weak, it became stronger and diffused throughout the cell cytoplasm at the other time-points analyzed. The intracellular concentration was particularly strong 6 h following treatment and the intensity reduced at 48 h following treatment, indicating that the coumarin was probably metabolized or eliminated by the cells.
Scanning electron microscopy (SEM)
SEM was used to investigate the morphology of formulation X (Fig. 4A ). Nanocapsules displayed a spherical shape with a smooth surface and no aggregation was observed. No difference was observed in the morphological properties of nanocapsules due to presence of the drug. In fact, SEM analysis confirmed the nanometric size of formulation X determined by DLS (Fig. 4A) .
In vitro release
In vitro release studies of compound 1-loaded nanocapsules formulation were performed under "sink conditions" (Levy and Benita, 1990) , to avoid the interference of compound 1 solubility in these experiments (Fig. 4B ). As observed in Fig. 4B , an important release of compound 1 from nanocapsules (formulation X) during the first 2 h (>80% release) followed by a slow release up to the end of the assay (24 h) was observed. The kinetic process is probably governed by the oil-water partition coefficient as described for other nanocapsule formulations (Teixeira et al., 2005a) .
Discussion
This study aimed to develop suitable polymeric nanoparticles incorporating the xanthone 1, an inhibitor of p53-MDM2 interaction. This approach was previously demonstrated to be efficient in improving the NO production inhibitory effect of simple oxygenated xanthones (Teixeira et al., 2005b) . To achieve a suitable formulation, several techniques and excipients were used in the preparation of polymeric nanoparticles and investigated for their cytotoxicity in a human breast adenocarcinoma cell line (MCF-7).
Six different formulations of nanospheres and four different formulations of nanocapsules were developed and their technological parameters analyzed. The overall results indicates that the different techniques employed were appropriate in achieving stable polymeric formulations showing zeta potential values near −30 mV, revealing to be stable in suspension, as the surface charge prevents aggregation of the particles (Mohanraj and Chen, 2006) .
It is always a challenge to formulate nanoparticles with the smallest size possible but with maximum stability. Smaller particles have larger surface area, which means that most of the compound associated would be at or near the particle surface, leading to a fast drug release, also having greater risk of aggregation during storage and transportation (Mohanraj and Chen, 2006) ; whereas, larger particles have large cores which allow more compound to be encapsulated and slowly diffuse out. In general, the nanospheres obtained furnished formulations with smaller particle size but lower incorporation efficiency, when comparing with nanocapsules. These results were predictable, since the dihydropyranoxanthone 1 is lipophilic and could therefore be better dissolved in the oil core of the nanocapsules.
The incorporation of compound 1 into nanosystems aims mainly at overcoming problems related to the compound with low water solubility. For all the conditions studied, the final concentration of compound 1-loaded nanoparticles was higher than the calculated aqueous solubility concentration (16 g/ml). Based on these data, two formulations of nanospheres (III and VI) and three formulations of nanocapsules (VIII-X), all with favorable physicochemical properties, were selected for further investigations.
In the present study, the cytotoxicity evaluation in MCF-7 cell line of both empty and loaded formulations limited the future use of four out of five developed nanoparticles. Considering the effect of Tween ® 80 and Span ® 80, although they have been described as being nontoxic and being allowed for intravenous administration (Rowe et al., 2009) , the amounts used for the preparation of above described nanoparticles were found to influence the cytotoxicity of formulations III and VIII (Table 4) which could be related to their cell permeabilization effects (Olivier, 2005) ; similar conclusions could be drawn for Pluronic ® (formulation IX, Table 4 ). In contrast, the dispersing oil Mygliol ® was also not responsible for the observed toxicity, since nanocapsules X used higher amounts of oil (when compared with nanocapsules VIII) without cytotoxicity at compound 1 GI 50 value, independently of their zeta potentials (Table 2 ). In what concerns PLGA, from the obtained results, one may hypothesize that the toxicity observed is not directly related to this excipient in accordance to previously described toxicological studies (Semete et al., 2010) . Indeed, while for the nanocapsules VIII, the amount of PLGA was 1.35 mg/ml, and this formulation was toxic, for nanocapsules X, the amount used was higher (2.17 mg/ml) and no cytotoxicity was observed at compound 1 GI 50 values. PVA is also known to have low toxicity (DeMerlis and Schoneker, 2003) but due to several variables in formulations VI and X no extrapolations can be drawn. Since the toxic potential of nanoparticles has been reported to be strongly dependent on their surface properties (Jong and Borm, 2008) and particularly on their charge (Mura et al., 2011) , the lowest zeta potential values obtained for empty and loaded formulations X (−14.37 ± 0.49 and −15.20 ± 0.64 mV) could had significant influence in the lowest in vitro toxicity observed. Consequently, the amount and type of excipients present in the final formulation of nanoparticles may play a critical role in the future therapeutic application of this technology. The evaluation of the cytotoxicity of empty nanoparticles is thereby an important issue when developing new nanoparticle formulations and the correlation of the surface properties of polymeric nanoparticles with their cytotoxicity deserves further attention.
From the overall results on cell growth effects, it can be inferred that, the cytotoxic effect of formulation X, nanoparticles with amounts of PLGA and PVA below 2.17 and 6.52 mg/ml, may be only due to the effect of the incorporated compound (Fig. 2) . At the time this study was being carried out, another study on solid dispersions of ␣-mangostin (Fig. 1) in polyvinylpyrrolidone (PVP) revealed the enhancement of ␣-mangostin solubility and intracellular delivery, although, no enhancement of ␣-mangostin cytotoxic effect was observed with this formulation (Aisha et al., 2012) . Herein, this study furnished a formulation of the hit compound with a three-fold improvement in the GI 50 values in MCF-7 cell line. Additionally, an efficient internalization of 6-coumarin nanocapsules was achieved. Entrapment of a fluorescent probe within the nanocapsules enabled us to confirm that they were internalized as intact nanocapsules, releasing the fluorescent compound only in the cell cytoplasm.
Drug release studies from the nanoparticles are generally performed to understand the rate and mechanism of drug release rather than as a routine quality control method as used in the case of conventional dosage forms (Panyam and Labhasetwar, 2004) . In vitro studies indicated that the presence of the polymer did not affect the release of compound 1, being the partition between the oily core and the external aqueous medium the main factor governing the process, as already reported for other drugs (Mora-Huertas et al., 2010; Santos-Magalhães et al., 2000; Teixeira et al., 2005a) .
Conclusions
In the present integrative work, several techniques have been employed for the development of polymeric nanoparticle formulations of a poorly water-soluble dihydropyranoxanthone, inhibitor of p53-MDM2 interaction (compound 1). This allowed to enhance compound 1 concentration in aqueous solutions by a minimum of two-fold in nanospheres to 13-fold in nanocapsules. From the five selected formulations, only one prepared by ESE with PVA as surfactant showed no significant toxicity in the cell line studies. The developed formulation with favorable technological parameters led to three-fold improvement in the GI 50 values of compound 1 and could be a valuable strategy as pharmaceutical carriers of xanthones.
